Abstract-Distributed photovoltaic (PV) plant architectures are emerging as a replacement for the classical central inverter based systems. However, power converters of smaller ratings may have a negative impact on system efficiency, reliability and cost. Therefore, it is necessary to design converters with very high efficiency and simpler topologies in order not to offset the benefits gained by using distributed PV systems. In this paper an evaluation of the selection criteria for dc-dc converters for distributed PV systems is performed; this evaluation includes efficiency, simplicity of design, reliability and cost. Based on this evaluation, recommendations can be made as to which class of converters is best fit for this application.
I. INTRODUCTION
Distributed photovoltaic power plants provide several advantages over the standard centralized systems, including: higher energy yield, more flexibility in plant design, higher plant availability and improved monitoring and diagnostics capabilities [1, 2] . The distribution of dc-dc converters along with the MPPT controllers associated with them, as shown in Fig. 1 , provides a significant increase in the annual energy yield of the system. For utility scale and large commercial plants (MW range and up) with massively paralleled modules multi-string distribution (with a relatively large no. of strings per dc-dc converter) provides a high energy yield, whereas, for plants with more series connected modules, performance becomes more sensitive to parameter and operating condition variations between modules. Therefore, a significant increase in energy yield is obtained through string level distribution of the dc-dc converters or multistring distribution with a small number of strings connected to each converter. Module level distributed systems impose a much higher system cost that is not always made up for by gains in energy yield; therefore, they are not suitable for large scale systems [3] .
One of the key factors affecting the distributed PV system design is the selection and design of the dc-dc converters used in these architectures. Using converters of smaller power ratings leads to a decrease in conversion efficiency as well as an increase in cost per unit power as compared to large centralized converters. This has to be taken into account to ensure that the benefits of distributing the dc-dc converters in a PV plant are not offset by the drop in conversion efficiency. Dc-dc converter efficiencies in the order of 98% and higher are needed to match the power conversion efficiency of two stage central inverters. Previous research has been aimed at evaluating single phase inverter technologies for distributed PV systems [4, 5] . This paper is focused on large scale distributed two-stage power conversion for PV applications. Several input stage dc-dc converter topologies are assessed for the application in distributed PV systems based on performance, reliability and estimated cost. 
II. IMPACT OF CONVERTER DISTRIBUTION ON EFFICIENCY
While distributed dc-dc converters provide more control flexibility and better maximum power point tracking, maintaining very high efficiency for small power converters is challenging. Since converter losses can generally be broken down into constant losses and load dependent losses [6] , it is expected that using low power converters leads to a drop in the system efficiency, hence a decrease in energy yield. The drop in energy yield due to lower power conversion efficiency is estimated to range from 0.2% at string combiner level to 1.9% for module power converters.
978-1-4577-0541-0/11/$26.00 ©2011 IEEELosses can be estimated as a function of the converter output power as given in equation (1) . This is applied to central converter systems (rated at hundreds of kilowatts) down to module level microconverters (in the order of 200W~300W) and the efficiency curves are shown in Figure 2 .
For string dc-dc converters rated at (1.5kW~6kW), the estimated gains in energy yield are in the range of 3%~9% over a standard centralized system, therefore, a target composite efficiency of 98% is needed in order not to have a significant negative impact on the annual yield. This composite efficiency is based on the California Energy Commission (CEC) weighted efficiency formula for solar inverters. One way to improve the efficiency of the dc-dc converters is by means of using partial power processing, as shown in Fig. 3 [7] [8] [9] . In these converters, part of the input power is directly fed forward to the output, thus achieving close to 100% efficiency, the remaining part of the power processed by the dc-dc converter is determined by the voltage regulation requirements, i.e. the percentage of power processed by the converter depends on the voltage difference between the PV side and the dc-link voltage, Fig.4 shows the relation between the required voltage gain and the percentage of input power being processed by the converter. With proper design, the power converter can be designed to handle around 30%~40% of the input power at nominal operating conditions, thus, improve on cost, size and efficiency. Therefore, the dc-dc converter block does not need to have excessively high efficiency over its operation range to achieve overall high conversion efficiency. An example of this is shown in Fig. 5 , where a dc-dc converter is assumed to have an efficiency of 95% is used in a partial power conversion connection, the overall efficiency is above 98% for input voltages that are equal to 60% or higher of the output dc-link voltage. 
III. COMPARISON OF DC-DC CONVERTER TOPOLOGIES
Energy yield and cost analysis of utility and large commercial PV power plants led to the conclusion that a string level dc-dc power converters provide the optimum cost/benefit point for plants constructed using high power low voltage modules (e.g. mc-Si) whereas, for plants made of higher voltage, lower power thin film modules a string 765 combiner dc-dc converter distribution represents the optimal design point [3] . Therefore, the target is to identify the best converter: its design, operation and control for the string/multi-string inputs mentioned in the previous section. Converter size, cost and ease of system integration are also key factors in the selection process.
Key ratings targeted for the converter design are: The dc-dc converter topology to be used for such application should provide the voltage step-up capabilities, maximum power point tracking, high efficiency, high reliability and design simplicity. Input output isolation is not a necessary feature; however, it facilitates the parallel connection of multiple dc-ac inverter stages to the same transformer, since non-isolated topologies require the inverters to be isolated in order for them to be operated in parallel, which requires the use of large power line medium voltage transformers. Providing the isolation in the dc-dc converter allows the inverters to be tied to a multi-winding power transformer which leads to size reduction and cost savings. On the other hand, the addition of the high frequency isolation transformer complicates the design and adds to the converter cost.
A. Transformerless Topologies
The boost converter is the simplest solution for this application since it has a low part count and a simple design. However, the boost converter in this operational range has the following disadvantages: a switching voltage in the (800V-1200V) range is required, which leads to using a relatively low switching frequency and consequently a large input inductor. Furthermore, the boost converter cannot meet the efficiency requirement without adding auxiliary circuits for soft switching.
To solve the problem of low frequency operation, a three-level boost topology can be used, as shown in Fig. 6 (a) [10] . Since the voltage stress on the switches is half the output voltage, high frequency operation and compact size can be achieved by using MOSFETs of lower voltage rating (400V-600V). Efficiency can also be improved by operating the inductor in critical conduction mode. The efficiency curves of such a converter are shown in Fig. 6 
(b).
Another solution is to use a buck-boost converter with partial power processing [11] as shown in Fig. 7 (a) . In this topology, the output voltage is the sum of the PV string voltage and the voltage of the output capacitor. Since this converter does not need to process all the input power, the overall conversion efficiency is quite high as shown in Fig. 7  (b) . The converter has a very simple topology but it still needs to use devices of high voltage rating.
B. Topologies with High Frequency Transformers
The full bridge converter is one of the most used isolated topologies in this power range whether it is a current -fed or voltage-fed converter, as shown in Fig. 8 . However the converter is built of four switches, an isolation transformer and an output rectifier; the added components lead to reduced reliability, lower power density and higher cost. In addition to this, achieving efficiencies higher than 98% at low cost becomes much more challenging for these converters.
To improve the efficiency, an input feed forward fullbridge can be used [12] , where only a fraction of the generated power in the PV string flows through the full bridge converter and the remaining power is directly fed forward to the output of the converter. However, this mode of operation leads to the loss of the benefit of the converter being an isolated topology. Resonant converters can also be used for building high power density converters since they can operate at high switching frequencies with natural zero-voltage switching. On the other hand they suffer from low partial load efficiency and complex design and control [13, 14] . The 
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Vo efficiency can be improved with connections similar to the full-bridge with feed forward as shown in Fig. 9 ; however the resulting converter still remains a complex and expensive topology. 
C. Reliability Evaluation
With the higher number of converters and components in a distributed PV plants, the general perception is that the system reliability will be reduced, leading to the requirement of an excessively high reliability for the distributed dc-dc converters. However, a more practical evaluation metric is system availability. Since in a distributed system there are multiple converters operating in parallel, then the failure of one or a few converters will have a low impact on the plant power delivery capability. Therefore, dc-dc converters with similar reliability to a central converter provides high plant availability.
The converter reliability is dependent on the number of components and their respective stresses, which gives an advantage to single switch topologies and to partial power converters, where components are exposed to lower overall stress. The use of film capacitors to replace electrolytics is also a key reliability factor. As an example, table 1 shows the mean time between failures (MTBF) for two converter options with film and electrolytic capacitors. Table 2 shows a comparison of different converter topologies with respect to the key factors influencing the dcdc converter selection for distributed PV architectures. The comparison was done using key design parameters such as efficiency, design complexity, reliability, power density, and cost. Based on this comparison, it follows that simple single switch topologies with partial power processing to improve efficiency are the strongest candidates for this type of application. Three-level boost converters also present a good solution, however, the need for twice the number of semiconductor devices and passive components leads to higher cost and lower reliability. The use of interleaved configurations of partial power buck-boost converters and three-level boost converters helps improve system performance, however the implementation of the interleaved topologies is much simpler from both control and topology aspects in the case of the partial power buck-boost converter.
D. Comparison of Topologies
Furthermore, with the development of SiC switches these converters can be designed with much higher switching frequencies (in the range of 100kHz), higher thermal handling capability, and consequently higher power density, while maintaining similar efficiency levels. Housing of these dc-dc converters in a string or string-combiner architecture are string combiner boxes, which could be exposed to high ambient temperatures, were SiC could bring additional advantage. Fig. 10 shows the comparison between efficiencies of Si IGBT based and SiC MOSFET based converters. Also there is ongoing effort to optimize the switching frequency of the SiC based converter regarding size and performance of the converter. Efficiency vs. operating frequency evaluation is shown in Fig. 11 , which shows a strong potential for raising the switching frequency up to 140kHz and above while maintaining similar efficiencies as present low frequency solutions. The passive components are significantly reduced, thus achieving much higher power density. The size of these components as a ratio of their counterparts in a 30kHz topology is also shown in Fig. 11 . Table 2 Comparison between key topologies under study
IV. CONCLUSION
In this paper a comparative evaluation of dc-dc converter topologies to be applied in distributed PV plant architectures is performed. The comparison takes into consideration performance, design complexity, reliability, and cost. Efficiency over a wide input power and input voltage range is a key factor in topology selection and thus circuits operating with partial power processing provide a very good solution for this application. Three-level topologies also give a good performance and high power density solution since it uses devices of lower rating and can operate at a much higher switching frequency, however, because of the increased number of devices, their reliability comes into question. Parallel connection of dc-ac inverters is facilitated by the use of isolated converter topologies; however, their design becomes more complicated if the efficiency requirements are taken into account. 
